The aim of the present study was to characterize the repair weld of serviced (aged) solid-solution Ni-Cr-Fe-Mo alloy: Hastelloy X. The repair welding of a gas turbine part was carried out using Gas Tungsten Arc Welding (GTAW), the same process as for new parts. Light microscopy, scanning electron microscopy, transmission electron microscopy, microhardness measurements were the techniques used to determine the post repair condition of the alloy. Compared to the solution state, an increased amount of M 6 C carbide was detected, but M 23 C 6 carbides, sigma and mu phases were not. The aged condition corresponds to higher hardness, but without brittle regions that could initiate cracking.
INTRODUCTION
Nickel based alloys are widely used for gas turbine parts withstand high homogeneous temperature, aggressive corrosion, different stress levels. Over the past 50 years, gas turbines have gained great importance in petroleum and power industry. Manufacturing of more and more complex structure makes the selection of materials the most important factor. Independently from the level of stress, temperature and corrosive environment, components must be reliable during service. Alloys that can meet above mentioned requirements are often high-priced materials and bring with them the use of advanced technologies during production of components [1] . Extending of service life and cost reduction are important both for the manufacturer and the customer. The solution is regeneration and repair rather than replacement. Development of repair technologies requires an individual approach to each component of gas turbine in order to ensure a sufficiently high quality. Repair conducted by welder or welding operator must be preceded by detailed identification of the part. Details about design, weldability, damage cause and requirements of standards and specifications must be known. The microstructure of the material after thousands of hours at a high temperature is changed, therefore the repair welding method may differ from that used during manufacture. Corrosive environment and high temperature can cause a gradual degradation of the microstructure, as cracks, wear and embrittlement [2, 3] . Exposure to the operating temperature leads to the formation of secondary phases which have a significant effect on both strength and weldability. Nickel based alloys, due to their complex chemical composition, melt and solidify over a range of temperatures. This range is expanded with increasing amounts of alloying elements. Ni-Cr-Fe-Mo alloy known as Hastelloy X is usually supplied in solution heat treated condition, which guarantees very good weldability [4] . The important properties are also: excellent formability, high mechanical properties at elevated temperatures, and resistance to oxidation and stress corrosion. Additional chemical elements are chosen to ensure the aforementioned properties, as well as providing resistance to creep and brittle fracture [5, 6] . According to Zhao [7] , in addition to primary phases γ and M 6 C, topologically closed packed phases and M 23 C 6 can also precipitate in the aged material. Clarke and Titus [8] reported that topologically closed packed phases in Hastelloy X are µ and σ. Formation of these phases can influence creation of low melting compounds. Appearing of low melting eutectic in the final stage of solidification of the welded joint may affect the tendency to hot cracking [9] . Knowledge of operating temperature and diagram timetemperature-transformation can help in proper planning of the repair process.
EXPERIMENTAL PROCEDURE
Hastelloy X repair welded joint was investigated. Welding was carried out by the Gas Tungsten Arc Welding process. Selection of parameters is presented in Table 1 . Technique took into account sensitivity of nickel base alloys to overheating of weld pool and high density of molten nickel. The welding process was performed manually in position 2F (horizontal position). Hastelloy X is solid solution strengthened alloy of composition given in Table 2 . The base metal was provided after long term service as a part in an industrial gas turbine. To create the weld, a filler metal specified for Hastelloy X was used, according to AWS A5.14, marked as ERNICrMo-2 [10] . After weld repair an appropriate metallographic preparation preceded examination by light microscopy on Leica DM400. Sample was initially ground on sand papers and mechanically polished with a diamond coated disk. The final step was etching in Kalling's reagent. To reveal microstructural details, a Scanning Electron Microscope (SEM) investigation was conducted on an etched specimen using FEI Nova NanoSEM 450. Information about alloying element distribution in the weld was obtained using EDS attachment to SEM. For transmission electron microscopy (TEM) thin foil cut out from the base metal of welded joint was prepared. A specimen with a thickness of 1 mm was mechanically thinned on sand papers down to 0.055 mm, then dimple ground in a diamond suspension. After this operation the thickness of the spherical area was about 0.02 mm. The final step of preparation was ion beam polishing. After thinning to electron transparency, TEM observations were made using a JEM-2010 ARP JEOL instrument. Vickers microhardness survey was performed using a Zwick/Roell ZHµ testing machine at room temperature with a load of 300 g (2.94 N). Time of force loading indenter was 10 seconds and the distance between adjacent indents was 250 µm. The survey on the welded joint was preceded by measurements on hardness standard test block 278.5 HV0.3. Certified diagonal length for test block is 44.6 µm and on the basis of three test measurements an average score of 44.5 µm was obtained. Indents were carried out on the weld, heat affected zone (HAZ) and the aged base metal.
RESULTS AND DISCUSSION

Base metal characterization
The microstructure of base metal which is shown in Fig. 1 is characteristic for the face centered cubic crystal structure. Nickel alloys solidify as austenite which is stable upon cooling to room temperature. Large equiaxed grains of the matrix as well as twin boundaries are well visible. The grain size of the matrix, quantity and distribution of particles varies. The primary carbides M 6 C-type, which are precipitated both within the grains and on grain boundaries during solidification, are certainly present, but evidence of other precipitation cannot be verified using light microscopy [11] . Information about operating temperature of the turbine part from which the sample was cut was not given. Phases detected by transmission electron microscopy and time-temperaturetransformation diagram of Hastelloy X prepared by Zhao [7] allowed us to initially estimate the operating temperature of the material. The precipitates formed during service conditions are present in Fig. 2 . M 6 C carbides only were identified and, despite an intensive investigation, other phases were not detected. it can therefore be assumed that operating temperature did not exceed 500°C [7] .
Fig. 2. Transmission electron microscopy bright field images and selected area diffraction patterns
Characterization of welded joint microstructure
In Fig. 3 weld and heat affected zone is presented. On the basis of the microstructure, it was found that the repair process has been properly made. Welding defects and discontinuities were not detected. Microstructure confirmed correct repair by the selected parameters of the welding process. Despite high density of molten nickel in the weld pool, lack of penetration was not observed. A very narrow mixed zone was observed, which is characteristic for joints which require high corrosion resistance: welding with a low heat input in order to minimize segregation in the fusion line. In order to observe more microstructure details, scanning electron microscopy of a characteristic area of welded joint is presented in Fig. 4 . It should be noted that the thermal cycle in the heat affected zone and the base metal was completely different. Microstructural changes in base metal were connected only with long term service conditions. It is visible that grain growth did occur. Fig. 4 shows a gradual increase in the amount of precipitates from the HAZ in the direction of the base material, with a clear dividing line between those areas. Difference in density of precipitation was induced by the welding process. In the heat affected zone adjacent to the fusion line, heat input caused dissolution of alloying elements, but rapid cooling retained them inside the γ-matrix. With increasing distance from the fusion line to the base metal, heat input was lower and then the effect of dissolution was less pronounced. Confirmation of the above mentioned opinion was made during the hardness survey. Fig. 5 is shows the morphology of precipitates both in HAZ and base material. Long term service in industrial conditions caused changes in the base metal microstructure which is visible in the form of large carbides, both within grains and along grain boundaries. In the heat affected zone mainly grain boundaries are occupied by particles. Length of these features exceeds even 15 µm. Comparison of morphologies allows us to state that eutectics formed along grain boundaries in HAZ. The liquated and resolidified material along the grain boundaries consists of γ and carbides precipitated during long term service. At the boundaries melting temperature was reduced. The material became a solid and liquid mixture, that is partially melted. These regions with sufficiently high welding stresses can initiate cracking. The level of welding stresses resulting from the single layer joint was too low to initiate cracking [12] [13] [14] . 
Energy dispersive spectroscopy of weld
Welds made of filler metal Hast-X (ERNICrMo-2), the same as the base metal, are composed of the matrix and primary molybdenum rich carbides M 6 C-type. In Fig. 6 distribution of elements in the weld is shown and in Fig. 7 EDS spectrum of matrix and M 6 Ctype carbide. Change of colour intensity (Fig. 6 ) represents enriched and depleted areas of individual elements. The greatest fluctuations were observed for molybdenum, since this is the main element in the carbides. Intensity of colour indicates that they are uniformly distributed in the weld. Enrichment of certain areas in Mo is equivalent to depletion in Ni and Fe. These elements are not part of the carbides because Ni is the matrix of the alloy, and task of Fe is solid solution strengthening. Chromium and tungsten are regularly distributed in the weld. Chromium, as well as tungsten, is in solution, but small amounts of these elements may be included in the M 6 C-type carbide.
Microhardness survey of welded joint
Measurements points were selected to define the hardness of each characteristic area: ie. weld, heat affected zone and base metal. Results are presented in Table 3 . Analysis of measurements value allows us to say that, the operating temperature during service had significant influence on microhardness of Hastelloy X. The highest values measured in HAZ and base metal confirmed microstructural changes. Values both in HAZ and base metal were quite similar and achieved almost 270 HV0,3. Measurements confirm the conclusion presented in the previous section relating hardness to density of precipitates in HAZ and base metal. The lower hardness were recorded in weld which correspond with Hastelloy X in virgin condition.
CONCLUSION
The aim of this paper was to investigate the microstructure and hardness of Hastelloy X welded joint after the repair process performed using Gas Tungsten Arc Welding. Microstructural changes resulting from long term service of base metal and welding process are important because of mechanical properties. Presented results confirm that aged base metal did not influence the weldability of Hastelloy X. Despite the presence of eutectic phase in the heat affected zone and continuous carbide layers along grain boundaries, cracking did not occur. Transmission electron micoscopy confirmed that precipitates in the base metal were M 6 C-type carbides. Microhardness measurements confirmed microstructural investigation that brittle TCP phases did not exists. Selection of welding parameters confirmed that repair process had been made properly.
